Microbial fuel cells (MFCs) represent a promising approach for sustainable energy production as they generate electricity directly from metabolism of organic substrates without the need for catalysts. However, the mechanisms of electron transfer between microbes and electrodes, which could ultimately limit power extraction, remain controversial. Here we demonstrate optically transparent nanoelectrodes as a platform to investigate extracellular electron transfer in Shewanella oneidensis MR-1, where an array of nanoholes precludes or single window allows for direct microbeelectrode contacts. Following addition of cells, short-circuit current measurements showed similar amplitude and temporal response for both electrode configurations, while in situ optical imaging demonstrates that the measured currents were uncorrelated with the cell number on the electrodes. High-resolution imaging showed the presence of thin, 4-to 5-nm diameter filaments emanating from cell bodies, although these filaments do not appear correlated with current generation. Both types of electrodes yielded similar currents at longer times in dense cell layers and exhibited a rapid drop in current upon removal of diffusible mediators. Reintroduction of the original cell-free media yielded a rapid increase in current to ∼80% of original level, whereas imaging showed that the positions of >70% of cells remained unchanged during solution exchange. Together, these measurements show that electron transfer occurs predominantly by mediated mechanism in this model system. Last, simultaneous measurements of current and cell positions showed that cell motility and electron transfer were inversely correlated. The ability to control and image cell/electrode interactions down to the single-cell level provide a powerful approach for advancing our fundamental understanding of MFCs.
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bacteria | bioenergy | nanostructure | electron shuttles | nanowires T he capability of bacteria, such as Shewanella and Geobacter, to transfer electrons from metabolism of organic sources to electrodes without intervening catalysts serves as the basis for electricity production in microbial fuel cells (MFCs) (1) (2) (3) (4) (5) (6) (7) . MFCs have been the focus of increasing interest for sustainable energy production because they feature long-term stability compared to other biological fuel cells (4) , are able to operate at high efficiency (4) , and are tolerant of a broad range of carbon feed stocks in waste water through renewable biomass (6, 7), although the low power density of MFCs has limited their applications to date (3) (4) (5) (6) (7) .
Considerable progress has been made in improving power density through the optimization of fuel cell design (6, 7) . Yet, a better understanding of charge transport at microbe/electrode interface is ultimately central to defining fundamental limits and possibly further improving power extraction in MFCs (3). Two limiting mechanisms have been proposed to explain the extracellular electron transfer in MFCs; these are (i) direct transfer of electrons from the outer cell membrane to the electrode (8, 9) and (ii) mediated electron transfer between the cell and electrode, where excreted soluble redox molecules serve as "electron shuttles" (10, 11) . In addition, recent studies of filamentous pili growth from Shewanella and Geobacter cells report a third mechanism for extracellular electron transfer through biological nanowires (12, 13) .
To address the fundamental electron transfer mechanisms operative in MFCs, we have developed and applied a general approach whereby (i) the physical contact between individual bacterial cells and electrodes is controlled using an insulating layer with designed nanoscale openings and (ii) simultaneous multiplexed measurements of current output from distinct electrode designs are made concurrently with single-cell resolution optical imaging of the electrode areas. An overview of our experimental approach (Fig. 1A) illustrates the transparent glass substrate with transparent electrode array enabling simultaneous current recording from multiple electrodes, and a polydimethylsiloxane (PDMS) chamber that allows for continuous or batch solution exchange and control of the ambient environment. A schematic of the design of individual electrodes used to control the interaction at the single-cell level (Fig. 1B) highlights the relative sizes of the nanohole and window openings in the insulating layer deposited over electrodes relative to individual bacteria such as Shewanella. The nanoholes are sufficiently small to preclude direct contact of the bacterial cell body to the active electrode surface, whereas multiple bacteria can contact the electrode in the case of the window.
Results and Discussion
We fabricated chips with 48 alternating nanohole/window transparent electrodes on glass slides using standard photolithography and electron-beam lithography techniques (see Materials and Methods). In short, photolithography and thermal evaporation were used to fabricate the array of transparent Ti/Au finger electrodes, and then plasma-enhanced chemical vapor deposition was used to deposit a silicon nitride passivation layer, and electronbeam lithography was used to define either nanoholes or windows at alternating electrodes in the array. We designed the openings such that nanoholes and window exposed the same electrode area, 12 μm 2 , to solution. An optical micrograph (Fig. 1C) shows two adjacent finger electrodes separated by 25 μm with an array of nanoholes (Left) and single window (Right). Field-emission scanning electron microscopy (SEM) images further highlight the regular nanohole array (Fig. 1D ) and rectangular window Author contributions: X.J., J.H., L.A.F., J.C.B., P.X., B.R.R., and C.M.L. designed research; X.J., J.H., L.A.F., J.C.B., and P.X. performed research; X.J., J.H., L.A.F., J.C.B., P.X., B.R.R., and C.M.L. analyzed data; and X.J., J.H., B.R.R., and C.M.L. wrote the paper.
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( Fig. 1E) , where the relatively thick silicon nitride layer (ca. 400 nm) is clear in the tilted image of the latter.
In addition, we characterized the electrochemical behavior of the different electrodes by cyclic voltammetry in solution containing freely diffusing ferricyanide. All measurements in this work were carried out in a two-electrode configuration, with Ag∕AgCl as both cathode and reference electrode. Recent redox protein electrochemistry studies using nanoelectrodes (14) verify that this approach is appropriate for our measurements because of the small short-circuit currents. Comparison of the data recorded from typical nanohole and window electrodes on the same chip (Fig. 1F) shows that the steady-state currents are comparable and thus consistent with similar active electrode areas and a diffusion limited process (14, 15) . The current recorded from an adjacent electrode with full silicon nitride coating is <1% of the nanohole/window values (Fig. 1F ), which shows that (i) only the defined openings contribute substantially to the measured currents and (ii) there is no cross-talk between adjacent electrodes.
We first used our experimental approach to characterize electron transfer from Shewanella oneidensis MR-1 (MR-1) cells at early times. Following addition of MR-1 cells (see Materials and Methods) to the chamber ( Fig. 2A) , the current recorded simultaneously from the adjacent nanohole (Left) and window (Right) electrodes began to increase within 5 min and reached a steady state of ∼5 pA∕electrode after 15 min despite the fact that the nanohole structure excludes direct cell membrane/electrode contact. The measured open circuit voltage at steady state was 0.45 V vs. Ag∕AgCl for window and nanohole electrodes and is comparable to that reported previously for Shewanella oneidensis MFCs (16) after accounting for the difference in reference electrodes. Additional points can be gleaned from analysis of these data together with images of the distribution of MR-1 cells (Fig. 2B ) recorded at the same time. Detailed comparison of current-time data shows that the onset and largest variations in current are ca. the same for the nanohole and window electrodes. Noise analysis before and after cell addition ( Fig. S1 ) further demonstrates that observed similarities are not due to cross-talk between measured electrodes and are intrinsic to the electrochemical properties of MR-1 cells and solution. In addition, optical images recorded as the current reaches and maintains the steadystate value (Fig. 2B ) demonstrate that (i) current generation initiates before cell membranes are in contact with the electrodes and (ii) the current does not increase after t2, although the cell number continues to increase on and in the area of both electrodes. Taken together, these experiments suggest that mediated electron transfer plays a dominant role at early times in our experiments and that MR-1 cells do not require direct contact with the electrode surface to generate a current.
We have carried out several experiments to further examine this conclusion. First, we find that the supernatant solution resulting from MR-1 culture cannot produce sustained short-circuit current (Fig. S2) , indicating living MR-1 cells are required for persistent current output. Second, we have characterized the cell/electrode interface with SEM and atomic force microscopy (AFM) to address previous suggestions (12, 13) that biological nanowires might be important for extracellular electron transfer by MR-1. SEM images recorded from fixed samples (see Materials and Methods) show that MR-1 cell bodies are excluded from electrode contact by designed nanoholes (Fig. 3A) , but are in intimate contact with the exposed electrode with the window (Fig. 3B) . The SEM images also show that numerous cells are in close contact with the surrounding silicon nitride passivation layer for both The images also show that several filaments enter silicon nitride nanoholes, and for the window configuration, interact directly with exposed metal. However, it does not appear that these filaments are correlated with current generation under our experimental conditions given that (i) a similar current is observed for both nanohole and window electrodes before any cells are in contact with the electrodes (t1, Fig. 2 ) and (ii) as the number of cells on the electrodes increases (t2-t4, Fig. 2 ) there is no corresponding increase in current.
We have also investigated electron transfer at nanohole and window electrodes at longer times when multiple, continuous MR-1 cell layers or biofilms have formed on the electrode arrays. Short-circuit current measurements (Fig. 4A ) exhibited a >70% decrease in current for both nanohole and window electrodes between 38 and 40 h, which we attribute to the depletion of electron donor (lactate) in the media. Injection of fresh lactate electron donor into the chamber (without changing the solution volume appreciably) yielded an immediate jump in current to a steady-state value of ca. 10 pA, thus confirming that the observed current output is associated with bacterial metabolism. This larger steady-state current in the dense cell layers compared with sparse cells at early times (Fig. 2) could be due to a higher local redox mediator concentration and/or depletion of residual oxygen in the medium. Although future experiments will be needed to address this point, we believe the key points from the experiments are the lack of correlation between current and local cell concentration near the electrodes and nearly identical current magnitude and temporal response from the distinct nanohole and window electrodes.
Two additional experiments were carried out using these dense cell layers to address the electron transfer mechanism. First, the supernatant in the measurement chamber was carefully removed and replaced with fresh, nitrogen purged medium after 42 h, which led to ca. 95% reduction in the short-circuit current at both the nanohole and window electrodes to steady-state values of 0.6 and 0.5 pA, respectively. Second and after an additional ca. 2 h of electrochemical cell operation, the original supernatant, which was centrifuged to remove planktonic cells, was exchanged with media in the measurement chamber, leading to an immediate increase in short-circuit current to ∼80% of original level recorded at both electrodes. The 20% difference in current amplitude could be due to a dilution effect (e.g., decrease in mediator concentration) because not all of the media could be removed during the exchange. In both exchange experiments, the current The window is marked in white for clarity in each image; scale bars are 10 μm. Specific details of solution exchanges to/from the measurement chamber are as follows: 15 μL of 2 M sodium lactate [diluted from 60% Sodium DLlactate solution (Sigma-Aldrich)] was directly injected into measurement chamber (containing ∼1 mL solution), leading to final lactate concentration of ∼30 mM with minimal dilution of other species. For the flush with fresh MM, the supernatant in measurement chamber was removed with a syringe, and then 1 mL nitrogen purged fresh MM (containing 30 mM lactate) was added to the chamber, where the addition of nitrogen purged fresh MM was repeated twice to ensure removal of mediators in the measurement chamber. The original supernatant, which was centrifuged at 3,000 rpm for 5 min to remove planktonic cells, was returned to the measurement chamber in the final exchange after removing the previous fresh MM by syringe. The original supernatant was diluted during solution exchange due to the incomplete removal of fresh media. changes were relatively rapid: 50% reduction in current after addition of fresh medium occurs within 5 min, and return to 50% of original current with addition of cell-free supernatant within 2 min. These results argue against a key role of pili in electron transfer in our system since it is difficult to rationalize why the first medium exchange might disrupt filaments (leading to reduced current), whereas the second medium exchange reconnects filament to electrodes on a even shorter time scale (and thus lead to an increase in the observed current).
The similar currents recorded after long time periods with the dense cell layers using nanohole electrodes (precluding direct cell contact) and window electrodes (allowing for direct contact) are best explained by a mediated electron transfer mechanism. The rapid current drop upon addition of fresh media and corresponding rapid recovery upon return of the original cell-free supernatant media support the requirement of diffusible redox mediators for electron transfer (11). However, it is possible to hypothesize in both cases that small pili (12, 13) are critical to electron transfer in the dense cell layers and that observed rapid current drop is due to disruption of cellular contacts during solution exchange (although as discussed above subsequent current increase on subsequent cell-free supernatant addition is difficult to reconcile with such a hypothesis). To address further this issue, single-cellresolved images in the focal plane of electrode surfaces were obtained at each stage of the experiment shown in Fig. 4A . Notably, these images (Fig. 4B ) demonstrate that <30% of MR-1 cells on the electrodes are perturbed; that is, their positions change after each solution exchange but were not removed from the surface. The majority of cells remain at the same positions, thus indicating that the observed changes in current output are unlikely to be due to structural changes in the cell/electrode interface.
Our results differ from solution exchange experiments with graphite felt (GF) anodes because in this previous work over 50% (vs. <5%) current was observed after removing the supernatant and planktonic cells (16, 17) . We believe that the difference can be readily explained by the large surface area of GF, which although attractive for applications, makes it difficult to remove all solution species such as mediators from the system during exchange. Although the well-defined nanostructured transparent electrodes in our experiments do not maximize surface area as desired for applications, they do enable more detailed measurements for fundamental investigations.
More generally, the approach presented in this paper based on nanoelectrochemical measurements and simultaneous optical imaging can serve as a powerful platform for probing fundamental processes in MFCs and is thereby expected to advance our understanding of power extraction from MR-1 and other cellular systems. To exemplify this point we report early time current and imaging measurements made on chips in which the passivation was an organic polymer. The general increase in short-circuit current was similar to that discussed above. However, sharp current dips were observed during the early stages of cell deposition as shown in Fig. 5A . Notably, simultaneous in situ imaging (Fig. 5B and Movies S1, S2, and S3) demonstrates that each current dip correlated with an increase in the average cell speed: The average cell speeds immediately before (Movie S1), at the dip (Movie S2), and immediately after (Movie S3) were 5.5, 27, and 6.7 μm∕s, respectively, whereas the short-circuit current level changed from 4.7 to 2.7 and back to 4.7 pA. The current change is independent of the cell number on the measured electrode and consistent with previous experimental results and mediated electron transfer mechanism. Ultimately, the amplitude of the current dips gradually decreased and the system finally reached a steady state with limited cell motion and stable current level comparable to the silicon nitride passivated chip electrode arrays. Similar behavior of Shewanella cells with dramatically increased motility was reported by Harris et al., but they attributed this phenomenon to increased extracellular electron transfer rates (18) . Although an understanding of the mechanisms underlying this interesting behavior will require further study, the ability to record simultaneously current and cell positions shows that in our experiments motility and electron transfer are inversely correlated [contrasting the previous study (18) ] and thus highlights the unique capabilities of our approach for probing MFCs down to the singlecell level.
Conclusions
We demonstrate a previously undescribed approach and unambiguous results addressing the mechanism of biological electron transfer in a model system Shewanella oneidensis MR-1. Nanostructured electrodes are designed and fabricated in which the presence or absence of cell body/electrode contact is physically controlled, so that the contribution from direct or mediated electron transfer could be distinguished. Because the electrodes are also optically transparent, we have been able to simultaneously record current output and microbe position/dynamics at the single-cell/microbe level. We find that at early times the current is uncorrelated with the number of cells on either type of electrode supporting a mediated electron transfer mechanism. A variety of experiments carried out after the formation of a biofilm also strongly argue for mediated electron transfer mechanism during steady-state MFC operation. Moreover, the ability to record simultaneously current and cell positions leads to the discovery that cell motility and electron transfer are inversely correlated in our system. Our current platform based on designed nanoelectrodes and in situ single-cell imaging is expected to advance significantly our fundamental knowledge of key factors affecting power extraction from MR-1 and other cellular systems.
Materials and Methods
Cell Culture. Shewanella oneidensis MR-1 were grown from −80°C glycerol stock cultures by inoculating 50 mL of LB broth (Sigma-Aldrich) with gentle shaking (100 rpm) in air for approximately 48 h at 25°C. The LB culture was then centrifuged at 3,000 rpm for 5 min to remove the supernatant. The cells were washed and redispersed with minimal media (MM) containing 30 mM sodium lactate. The formulation of MM was reported previously (19) . The (Figs. 2-4) . Device fabrication and measurement details are specified in Materials and Methods. The green arrow indicates the cell injection. Sharp current dips were observed during early stage of cell deposition. The average cell moving speed before (i), during (ii), and after (iii) the first spike dip at ca. 22 min was calculated from in situ microscopy videos (Movies S1, S2, and S3) and plotted as Inset. (B) Tracking trajectories for selected MR-1 cells during one second for period (i), (ii), and (iii). The trajectories were plotted based on real-time phase-contrast microscopy videos of MR-1 cells (Movies S1, S2, and S3) recorded at position of electrode used to record data in (A) (marked by white arrow). Scale bar, 10 μm. Each glass chip has 48 finger electrodes (2 μm wide, 25 μm spacing) defined at the chip center with fan out wiring to input/output points at the two ends of the chip. The finger electrodes were arranged in four groups of 12 parallel electrodes placed with their ends on the sides of a 500 μm × 500 μm square at the chip center. After liftoff, plasma-enhanced chemical vapor deposition was used to deposit ∼400 nm Si 3 N 4 over the entire chip. Poly(methyl methacrylate) was then coated on the chip, and e-beam lithography was used to define openings for access to the electrodes. At each addressable finger electrode either 150 holes (200 nm × 400 nm) or one window (6 μm × 10 μm) was defined to yield the same total exposed electrode area, ∼12 μm 2 ; for each group of 12 parallel electrodes, alternating nanohole and window patterns were defined. Anisotropic reactive ion etching (50 sccm CHF 3 , 30 sccm H 2 , 3 mTorr, 75 W, 3 min) was used to remove Si 3 N 4 in the patterned regions. Last, the electrodes were cleaned by 1 M sulfuric acid followed by UV ozone at 200°C for 2 min. For SU-8 passivated chips, a ∼2-μm-thick SU-8 layer was uniformly deposited, prebaked at 95°C for 2 min, and then photolithography was used to define regions at the finger electrode tips. After postbaking at 95°C for 2 min and development, the chip was hard-baked at 180°C for 30 min. Finally, organic residues were removed from the electrodes by UV ozone treatment for 2 min at 200°C.
Electrochemical Measurements. All measurements were carried out in a two-electrode configuration, with Ag∕AgCl as both cathode and reference electrode. The current at the working electrode was detected using a current preamplifier (1211; DL Instruments, Inc.) with a gain of 10 9 -10 11 V∕A. The amplified signals were digitized using a multichannel A/D converter (Digidata 1440 A; Molecular Devices). The Digidata 1440 A was also used to apply potentials during cyclic voltammetry measurements, with a typical sweep rate of 10 mV∕s. The whole electrochemical cell was housed in a Faraday cage, yielding a noise level of <0.1 pA.
Cell Measurements and in Situ Optical Imaging. The short-circuit current was recorded at an acquisition rate of 1 Hz with reference/cathode electrode grounded. In situ optical imaging was carried out with an inverted phasecontrast microscope (IX71; Olympus Inc.) and 100X oil-immersion lens. The measurement atmosphere was precisely adjusted between strict anaerobic to microaerophilic conditions by tuning the ratio of pure O 2 and N 2 gas sources (0-10%) using mass flow controllers. As described previously, the largest current values were observed for a nonagitated, air-exposed condition (20, 21) .
Cell Fixation and Imaging. After a fixed measurement time, supernatant and planktonic cells were carefully removed, and the chamber was refilled with 1 mL 4% cacodylate buffered glutaraldehyde solution (22) and fixed overnight at 4°C. The fixing solution was then removed, and the chip was gently washed with DI water 3 times. Finally electrodes with cells were dehydrated in acetone for 5 min and dried in air. SEM and AFM analyses were carried out with Zeiss Supra55VP field-emission SEM and Digital Instruments Nanoscope IIIa MultiMode AFM, respectively. B.R.R. also acknowledges support from the Office of Naval Research Program Element 0601153N (NRL 6.1).
